Immortalized cell lines maintain telomeres by the expression of telomerase or by a mechanism designated alternative lengthening of telomeres (ALT). Although DNA polymerase (pol-) is reported to be required for telomere maintenance, the critical role of pol-in telomere maintenance has not been firmly determined. We examined the role of retinoblastoma protein (pRb) and pol-in the regulation of telomere length, using telomere-fiber FISH. Telomere length varied dependent on the intracellular abundance of pol-or pRb in HeLa cells. A proportion of hyper-phosphorylated pRb (ppRb) molecules localized to sites of telomeric DNA replication in HeLa cells. Pol-might thus contribute to telomere maintenance, and might be regulated by ppRb.
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Key words: retinoblastoma protein; Rb; phosphorylation; DNA polymerase ; telomere DNA polymerase (pol-) has the lowest enzyme processivity of the three eukaryotic replicative DNA polymerases (, , and "). 1) The low processivity of polcan result in replication slippage as a consequence of enzyme dissociation from template DNA. 2) We have found that ppRb, a hyper-phosphorylated form of retinoblastoma protein (pRb), increases the processivity of pol-, demonstrating an important function for this supposedly inactive form of pRb. [3] [4] [5] Given that an increase in processivity results in a decrease in the chance of polymerase dissociation from DNA, our observations suggest that ppRb suppresses replication slippage by pol-. Although pRb localizes to perinucleolar replication foci, 6) the mechanism by which it might contribute to DNA replication has not been elucidated.
Replication slippage of pol-was found on mammalian telomeric DNA in our previous study, 2) so here we first examined the effect of overexpression of pol-on telomere regulation. We analyzed telomere length by telomere-fiber fluorescence in situ hybridization (FISH). Fiber FISH, which is performed with extended DNA fibers on a glass slide ( Fig. 1A) , provides a measure of the size of chromosomal loci or of the number of copies of a tandem repeat. [7] [8] [9] Telomere-fiber FISH was performed as described previously, 10) with several modifications. In brief, cells were transferred to glass slides and treated with lysis buffer (0.5% SDS, 200 mM Tris-HCl, pH 7.4, 50 mM EDTA) for 10 min at room temperature. The slides were then tilted to allow the lysates to smear down the glass, and were allowed to dry in air. The samples were fixed with methanol:acetic acid (3:1, v/v), and telomeric repeats were detected with a biotin-conjugated telomere probe, 5 0 -(TTAGGG) n -3 0 , produced as described previously (Fig. 1B) , 11) and with Alexa Fluor 488-streptavidin (Molecular Probes, Eugene). With this approach, we were able to visualize telomere fibers with a length of 1 to 5 mm (Fig. 1C) . A cDNA for human pol- 12) was subcloned into the EcoRI-XbaI sites of pcDNA3.1 (Invitrogen, Carlsbad), and the resulting vector was introduced into HeLa cells by transfection with the Lipofectamine 2000 reagent (Invitrogen). After culture for 2 d, the cells were subjected to selection with G418 sulfate (1 mg ml À1 ) in 96-well plates. Overexpression of pol-in cell clones was confirmed by immunoblot analysis. This confirmed that the abundance of pol-in the resulting cells, designated pol--HeLa, increased about 2-fold as compared with that in control (nontransfected) HeLa cells ( Fig. 2A ). Although cell proliferation was not affected by overexpression of pol-(data not shown), the nucleus of the pol--HeLa cells was larger than that of the control cells ( Fig. 2B ). Analysis of telomere fibers revealed that telomere length was significantly greater in the pol--HeLa cells than in the control cells ( Fig. 2C ).
Next, we examined the possible contribution of pRb to telomeric DNA replication. To test the effect of pRb depletion, we transfected HeLa cells repeatedly over 1 month with a small interfering RNA (siRNA) specific to pRb mRNA, and then analyzed them by telomere-fiber FISH. The siRNA specific to pRb mRNA was synthesized by the use of a Dicer siRNA Generation Kit (Gene Therapy Systems, San Diego). The target sequence was amplified by PCR with primers 5 0 -GCGTAATACG-ACTCACTATAGGGAGATGAAGAAACAGAAGAA-CCTG-3 0 and 5 0 -GCGTAATACGACTCACTATAGG-GAGACCTCTGGAAGTCCATTAGAT-3 0 , which include leader and T7 promoter sequences. The resulting siRNA was introduced into HeLa cells by transfection with the GeneSilencer siRNA Transfection Reagent (Gene Therapy Systems). One, 2, and 3 d after transfection, the cells were harvested, washed three times with phosphate-buffered saline, and subjected to SDSpolyacrylamide gel electrophoresis, followed by immunoblot analysis. To determine the effect of pRb depletion on telomere length, we transfected HeLa cells with the pRb siRNA repeatedly (10 times separated by intervals of 2 d) over 1 month before analysis. Depletion of pRb was apparent 2 d after transfection of HeLa cells with the pRb siRNA ( Fig. 2D ), and the amount of pRb remaining decreased for up to 5 d (data not shown). The abundance of pol-transiently decreased 2 d after siRNA transfection, but recovered by 3 d (Fig. 2D ). Presently, we have no idea as to the reason poldecreased only 2 d after treatment. Because cell proliferation was not affected by siRNA transfection (data not shown), pRb knock-down probably did not affect pol-activity. Analysis of telomere fibers revealed that telomere length was significantly greater in the pRbdepleted HeLa cells than in the control cells ( Fig. 2E ). Loss of pRb function thus resulted in telomere lengthening. Telomere elongation was thus found to be promoted by inhibition of pRb function and by overexpression of pol-.
Our previous studies have suggested that ppRb, a hyper-phosphorylated form of pRb, is involved in DNA replication via interaction with pol-. [3] [4] [5] Next we tested the localization of ppRb in HeLa cells, especially focusing on the relationship to telomeric DNA repli- cation sites. HeLa cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and fixed with 3.7% formaldehyde, as described previously. 13) Sites of DNA replication were detected by the introduction of nucleotide analog biotin-16-dUTP into cells in hypotonic buffer, as described previously. 14) Fixed cells were stained with antibodies to telomeric repeat-binding factor 1 (TRF1) 15) and/or anti-ppRb 807=811 from Cell Signaling Technology (Beverly), and further with Alexa Fluor 488-streptavidin as well as Alexa Fluor 488-or Alexa Fluor 594-conjugated secondary antibody (Molecular Probes). Stained cells were then examined with a BX51 fluorescence microscope (Olympus, Tokyo).
Translocation of ppRb to telomeres was detected by indirect immunofluorescence analysis with three types of antibodies: those to TRF1 (TRF1) and those specific for ppRb phosphorylated on Ser 807 or Ser 811 (ppRb). TRF1 signals were apparent in many foci throughout the nucleus of HeLa cells in the G 1 (Fig. 3A) and S (Fig. 3B ) phases of the cell cycle, but not in the M phase ( Fig. 3C) . A proportion of ppRb molecules, especially those phosphorylated on Ser 807=811 , colocalized with TRF1 during the S phase (Fig. 3B , indicated by arrowheads). These results suggest that part of ppRb, which has been considered to be inactive, localizes to telomeres in the S phase.
Colocalization of ppRb with sites of DNA replication was detected by incorporation of biotin-16-dUTP. Such colocalization was apparent only during heterochromatin replication (Fig. 3F, indicated by arrowheads) , not in the early S phase (Fig. 3D) , during euchromatin replication (Fig. 3E) , and in the G 2 phase (Fig. 3G ). Colocalization of TRF1 with sites of DNA replication was also detected only during heterochromatin replication (Fig. 3J) , not earlier in the S phase ( Fig. 3H, I) . These results suggest that a proportion of ppRb molecules migrates to sites of telomeric DNA replication together with DNA replication proteins (Fig. 3K ).
In the present study, ppRb was found to translocate to telomeres during telomeric DNA replication in HeLa cells. Furthermore, Rb, irrespective of its phosphoryla- Kennedy et al. found that pRb localizes to perinucleolar DNA replication sites in the early S phase, and suggested that it might directly inhibit the onset of DNA replication in response to arrest signals, 6) given that pRb is required for G 1 arrest induced by DNA damage. 6, 16, 17) These various observations suggest that before its hyper-phosphorylation, pRb regulates the onset of DNA replication, and that it regulates the progression of DNA replication at heterochromatic telomeres after its hyper-phosphorylation. In Fig. 2D , we confirmed that the introduction of pRb siRNA into HeLa cells caused pRb depletion. At that time, ppRb should be also depleted, because ppRb forms from hyper-phosphorylation of pRb by cdk/cyclin families. Our present data showing that ppRb directly colocalizes with telomeric DNA replication sites clearly supports this hypothesis.
Fiber FISH has been used to examine DNA structure at high resolution. 8, 18) It has been applied to compare the genomes of Arabidopsis thaliana and related species, 19) as well as to detect tandem duplication of the neurofibromatosis type 1 gene. 20) To determine whether this technique is suitable for measurement of telomeric repeats, we have compared mouse embryonic fibroblasts with several immortal cell lines by the use of a telomeric probe. Consistently with previous observations, 21, 22) fiber FISH revealed that the number of telomeric repeats was greater in the fibroblasts than in the immortal cell lines (K. Sugimura et al., unpublished data), indicating that telomere-fiber FISH is a powerful tool for measuring the size of telomeres. By the use of this method, we have found that overexpression of pol-in HeLa cells resulted in expansion of telomeric repeats ( Fig. 2A-C) . We have also found that depletion of pRb by RNA interference resulted in expansion of telomere length (Fig. 2D, E) . These results suggest that telomere length is regulated by these nuclear factors.
Telomerase-negative cancer and immortalized cell lines acquire long and heterogeneous telomeres as a result of a telomere-lengthening mechanism that has been referred to as alternative lengthening of telomeres (ALT). [23] [24] [25] It has been proposed that such cells maintain their telomeres by homologous recombination. 26) Dissociation and subsequent misaligned reannealing of a nascent DNA strand synthesized by pol-in tracts of repetitive sequences, including CGG and CAG as well as telomeres, result in the addition of sequence repeats and the consequent generation of expansion products. [27] [28] [29] Such slippage requires that the polymerase readily detach from the template DNA. We have HeLa cells were subjected to indirect immunofluorescence analysis with antibodies specific to TRF1 (TRF1) or to ppRb phosphorylated on Ser 807=811 (ppRb) and to monitoring of DNA replication sites revealed by the incorporation of biotin-16-dUTP, as indicated. Cells were in the G 1 phase (A), the mid-late S phase (B), the M phase (C), the early S to G 2 phases (D-G), or the early to late S phase (H-J). All cells were also stained with 4 0 ,6-diamidino-2-phenylindole (DAPI). Merge1 represents merging of the first and second panels from the left; merge2 represents that of the first, second, and fourth panels. Scale bars, 10 mm. K, schematic representation of the relation between ppRb and telomeres. Typical 2 spots indicate telomeres without ppRb (panel 1), typical 1 spot indicates ppRb located in nontelomeric regions of genomic DNA (panel 2), and typical 3 spots indicate ppRb located at telomeres undergoing replication (panel 3).
found that pol-slips on repeated sequences and mediates aberrant telomere DNA replication as a result of its instability on DNA templates. 2) Pol-has low processivity. RNA-DNA primer synthesized by pol-is used by DNA polymerases of high processivity (pol-, pol-") on both the leading and lagging strands, and politself is thought to detach rapidly from the DNA template. DNA synthesis catalyzed by pol-has been found to arrest at several pause sites, including those in M13mp2 DNA. 30) Pol-is thought to overcome pausing at such sites with assistance from other replication factors, such as replication protein A (RP-A), singlestranded DNA-binding protein, 31, 32) and ppRb. 4) Several previous reports suggest that pol-inhibition resulted in telomere elongation. [33] [34] [35] In addition, we propose that replication slippage by pol-is also important to telomere maintenance and the telomere elongation process, probably in telomerase-and pRbnegative immortalized cells. Regulation of telomere length can be achieved by a replication complex that includes pol-and ppRb in addition to that mediated by telomerase. Rb family proteins have been reported to be responsible for the regulation of telomerase expression and telomere regulation. [36] [37] [38] Mouse embryonic fibroblasts deficient in pRb and its family proteins had markedly elongated telomeres, suggesting that Rb family members are key regulators of telomere length in mammalian cells. 39) Such a scenario might explain, at least in part, the genetic instability of pRb-deficient mouse embryonic stem cells. 40) One possible explanation for the data shown in Fig. 2 , indicating that loss of pRb resulted in telomere elongation, is that the telomerase activity increases because of the loss of pRb. So the true solution might lie in future analysis using telomerase-negative cell lines, not HeLa cells. However, our present data suggesting pol-involvement in telomere regulation and previous reports revealing the roles of ppRb indicate that ppRb might join the telomere elongation mechanism. Here we would like to emphasize that ppRb, a hyper-phosphorylated form of pRb, can be involved in the regulation of telomeres. ppRb might thus regulate pol-function at telomeres, and the loss of this function of ppRb might be an important step in carcinogenesis.
